Abstract von Hippel-Lindau (VHL) disease is a genetically acquired multisystem tumor syndrome of the viscera and central nervous system (CNS). The most common tumors associated with this disease are histologically benign, slowgrowing CNS hemangioblastomas affecting the retina, cerebellum, brainstem, spinal cord or nerve roots. With mean age at diagnosis of 30 years, CNS hemangioblastomas are usually the first manifestation of the disease. Ongoing clinical and radiological surveillance is required, with symptomatic lesions necessitating treatment. As tumor growth is inevitable during the lifetime of most VHL patients, and the multiplicity of tumors may preclude surgical cure, the search for effective therapies is ongoing. Here we provide the first report demonstrating clinical and radiological anti-tumor response using pazopanib, a small molecule multi-receptor tyrosine kinase inhibitor, in a patient with treatment-refractory VHL-associated CNS hemangioblastoma. Treatment initiation with daily oral pazopanib (800 mg/day) resulted in significant neurologic improvement and radiologic tumor volume reduction.
Introduction
von Hippel-Lindau (VHL) disease is an autosomal dominant inherited cancer syndrome characterized by a germ line mutation in the VHL tumor suppressor gene [1] [2] [3] . This mutation leads to the development of tumors in a variety of organs and tissues, including central nervous system (CNS) hemangioblastomas, renal cell carcinomas (RCCs) and cysts, endolymphatic sac tumors, pheochromocytomas, pancreatic neuroendocrine tumors, and epididymal cystadenomas. VHL disease has a reported incidence of one in 39,000 live births and penetrance >90% [1] . Its most common manifestation is CNS hemangioblastoma, found in 60-80% of all VHL patients [1, 4] . These tumors can arise anywhere along the neural axis with the majority localized in the cerebellum and spinal cord [1] [2] [3] .
Despite their benign histology, CNS hemangioblastomas can cause significant morbidity during the lifetime of VHL patients, and require multi-modal therapies that include surgical resection, pharmacotherapy, and irradiation [2, 5] . Management strategies are tailored individually based on clinical and radiological progression. If surgically accessible, most symptomatic hemangioblastomas are resected [2, 5] . Despite the unpredictable growth pattern of these tumors, the overall management goal for asymptomatic hemangioblastomas is avoidance of unnecessary surgical interventions, while maintaining neurologic status as long as possible with close clinical monitoring [1, 3, 5] . For symptomatic lesions in eloquent or surgically inaccessible regions, therapeutic planning must consider tumor size, location, multiplicity, and presence of associated cystic component. For small inaccessible lesions without a perilesional cyst, stereotactic radiosurgery is sometimes used. However, it is not clear whether stability of tumor size following radiosurgery can truly be attributed to treatment effect or whether it simply reflects the natural history of hemangioblastoma that includes unpredictable periods of rapid tumor expansion between periods of tumor quiescence [1] . Pharmacologic agents such as antiangiogenic agents, EGFR tyrosine kinase inhibitors (erlotinib), interferon-α-2a, and VEGFR2 inhibitors (SU5146), have produced suboptimal clinical responses [6] [7] [8] [9] .
Pazopanib, an orally administered multi-tyrosine receptor kinase blocker, has been used to treat RCC, another tumor commonly found in VHL disease [10] . The anti-tumor effects of pazopanib are thought to arise from inhibition of tumor vascularization by antagonism of multiple proangiogenic receptors including vascular endothelial growth factor receptors (VEGFR-1, -2, -3), platelet-derived growth factor receptors (PDGFR-α, -β), and a cytokine receptor (Kit) [1, 2] . Under normal physiological conditions, these receptor expression levels are tightly regulated by hypoxiainducible factor-1α (HIF), which is in turn controlled by VHL and mammalian target of rapamycin (mTOR) proteins [1, 10, 11] . VHL protein dysfunction inhibits degradation of HIF transcriptional complex and causes a rise in HIF levels resulting in the up-regulation of multiple factors promoting angiogenesis and vasculogenesis, including EGF, PDGF, and erythropoietin [1, 2] . In combination with loss of antitumor function of the VHL protein, these events promote the overgrowth of the highly vascularized tumors associated with VHL disease. Clinical evidence supports the effectiveness of pazopanib in treatment of RCCs, and its actions downstream within the VHL regulation pathway suggest that this drug could also be useful in VHL-associated hemangioblastomas unsuitable for surgical or radiation therapy [10, 12] . Here, we report the first case in which pazopanib therapy caused significant clinical and radiological improvement in a VHL patient with treatment-refractory CNS hemangioblastoma.
Clinical history
A 47-year-old African-American male was referred to MD Anderson Cancer Center in 2006 for treatment-refractory hemangioblastoma in both cerebellar hemispheres. Diagnosed with VHL at the age of 18, he had undergone six prior craniotomies for multiple symptomatic cerebellar hemangioblastomas, gamma knife radiosurgery for one cerebellar tumor, and limited-field irradiation of several hemangioblastomas within the cervical spinal cord. After the diagnosis of VHL disease was made by clinical criteria, genetic testing showed heterozygous deletion at nucleotide 471 with a translation frame shift of mRNA to a premature stop codon at position 158. By the time he was seen at MD Anderson, he was dependent on a walker for ambulation due to progressive gait ataxia and had developed significant dysarthria and difficulty swallowing as hemangioblastoma growth continued. With clinical and radiological progression, this patient was enrolled in a clinical trial of stereotactic radiosurgery in 2006. Because the treated cerebellar tumor continued to grow after radiosurgery, he had resection of this symptomatic hemangioblastoma in 2008. During the same year, abdominal CT revealed new bilateral renal masses consistent with multifocal RCC. With progression of the cerebellar and renal masses, he was placed on sunitinib (SU11248), a multi-receptor tyrosine kinase inhibitor. However, this therapy was aborted due to the development of severe neutropenia and absence of therapeutic response in CNS and retinal tumors while on treatment. He had worsening of the visual acuity in his right eye due to progression of retinal hemangioblastoma, and required cryotherapy in 2008.
Over time, this patient became significantly more ataxic, had several falls associated with fractures, and became wheelchair-dependent. With limited options available, he was started on pazopanib therapy (800 mg/day) in February 2010, with monitoring of liver and hematological functions. Within 4 weeks of pazopanib therapy, his family observed marked clinical improvement in his speech and swallowing. At his last follow-up in July 2011, his dysarthria, hoarseness of voice, and swallowing function had improved significantly and he had regained ambulation for short distances. Magnetic resonance imaging (MRI) performed in July 2011 revealed significant reduction in the size of his several symptomproducing cerebellar hemangioblastomas (Fig. 1) . Tumor volumes before and after treatment are shown in Fig. 2 . The volume of the largest lesion was reduced by 54% since the initiation of pazopanib therapy. Several small, asymptomatic lesions showed reduction in tumor volumes (25-60%). Pazopanib therapy also slowed the growth rate of visceral masses including those in the kidney and pancreas. Mild adverse reactions associated with pazopanib included transient diarrhea and oral mucosal ulcerations. Our patient also developed hypertension requiring amlodipine (5 mg/day) with good blood pressure control. At present, he remains moderately neutropenic but has not experienced clinical sequelae of neutropenia-related opportunistic infections. His liver function tests remain normal. The patient remains on the same dose of pazopanib with ongoing neurologic improvement 19 months after starting treatment.
Discussion
We report a patient with VHL disease who presented with progressive cerebellar hemangioblastoma growth causing significant morbidity despite multiple surgical and radiotherapeutic interventions. With significant and ongoing decline in his quality of life from moderate bulbar dysfunction and severe gait ataxia with wheelchair dependency, pazopanib therapy was initiated after he had exhausted other recommended therapeutic options. While the exact mechanism of hemangioblastoma pathogenesis in VHL disease remains incompletely understood, it is clear that elevation of HIF signaling plays an important role in this process [1, 2] . Acting as a transcription factor, HIF normally increases expression of pro-angiogenic factors, which results in enhanced vascularization and tissue perfusion in response to hypoxic conditions. In combination with mTOR, VHL protein regulates HIF levels by mediating its degradation [2] . In VHL disease, the dysfunction of VHL protein leads to upregulation of HIF and significant elevation of VEGF, PDGF, and other pro-angiogenic factor expression. These events increase the proliferation of endothelial cells and pericytes and induce formation of the highly vascularized tumors associated with VHL disease [1, 2] .
Anti-angiogenic agents including small molecule and monoclonal antibody-based tyrosine kinase inhibitors have demonstrated effectiveness against other VHL-related tumors, including RCCs [10]. Humanized monoclonal antibodies such as bevacizumab, and small molecule kinase inhibitors (sunitinib, sorafenib, pazopanib) are recommended by the US National Comprehensive Cancer Network as the first-line treatment for stage IV clear cell renal carcinomas or unresectable tumors [12] . Similarly, the European Association of Urology has recommended pazopanib as the preferred treatment for metastatic RCC following cytokine therapy [10, 12] . A recent prospective study demonstrated differential responsiveness of VHL-associated lesions to sunitinib therapy [9] . In patients harbouring RCCs, CNS Fig. 1 Representative magnetic resonance images from a patient with VHL disease on pazopanib therapy. Axial, coronal, sagittal T1-weighted images (post-contrast) and T2-weighted images with fluid-attenuated inversion recovery sequence (FLAIR) 3 weeks before treatment (a-d) and 19 months after starting pazopanib (e-h). These demonstrate decreasing tumor volume, contrast enhancement and vasogenic edema over time. All images are displayed per standard radiographic convention table) . Tumor volumetric assessment was conducted using Vitrea2 software (version 2.2; Vital images, Plymouth, MN). MR image area corresponding to the hemangioblastoma showing contrast enhancement was manually segmented to delineate tumor-specific pixels across all sections hemangioblastomas and other VHL-associated lesions, RCC size reduction was most significant following sunitinib therapy with little or no effect on CNS hemangioblastomas [9] . In the treatment of other highly vascularized CNS malignant tumors, anti-angiogenic agents have produced mixed results. Bevacizumab, a monoclonal antibody that inhibits VEGF-A, and cediranib, a pan-VEGFR tyrosine kinase inhibitor with anti-PDGFR-α, PDGFR-β, and c-Kit activities have achieved progression-free survivals of 29% and 28%, respectively, at 6 months in adults with recurrent glioblastomas [13, 14] . However, a phase II clinical trial using pazopanib in glioblastoma did not show an increase in progression-free survival despite an in situ biological response observed on MRI [15] . Because hemangioblastomas are caused by a VHL gene mutation, which leads not only to overexpression of VEGF, but also heightens PDGF signaling, these tumors could respond to treatment with a pan-VEGFR inhibitor with anti-PDGFR activity as well. Although our patient demonstrated stabilization with sunitinib therapy, a significant response to pazopanib was observed. Evaluation of the kinase inhibition profiles of both sunitinib and pazopanib reveal greater inhibitory effects of pazopanib for fibroblast growth factor receptor (FGFR) [16, 17] . Interestingly, the endothelial angiogenic receptor profiles in hemangioblastomas and RCCs demonstrated greater FGFR activation in hemangioblastomas compared to RCCs [9] . Therefore, pazopanib may be a more suitable candidate for targeting hemangioblastomas.
We suspect that the clinical improvements in our patient following pazopanib treatment, although not completely understood, can be attributed to the anti-angiogenic effects of pazopanib via decreased proliferation of endothelial cells and pericytes. Given that hemangioblastomas are highly vascular, targeting VEGFR can potentially cause growth arrest and regression of tumors while reducing the degree of hemangioblastoma-associated cerebral edema [18] . MRI showed significant reduction (25-60%) in tumor volume of CNS hemangioblastomas of varying sizes, with the largest lesion demonstrating 54% volume reduction with pazopanib treatment. This reduction correlates with the improvement of this patient's speech and swallowing functions. By inhibiting proliferation of endothelial cells and pericytes, pazopanib exerts its anti-tumor effects through limiting the vascularization needed for sustained tumor growth [12] . Furthermore, unlike traditional cytotoxic agents, pazopanib and other anti-VEGF agents augmented their therapeutic benefit by reducing the vasogenic edema often associated with CNS tumors [15] . It has been suggested that anti-VEGF agents can reduce the heterogeneity and permeability of tumor vasculature, and reestablish the normal pressure gradients between intravascular and interstitial spaces [14, 19] . Decrease in vasogenic edema often leads to improved neurological function, as observed in patients with high grade glioma who are treated with cediranib [14] . Finally, reducing blood flow within these tumors may reverse local vascular steal, with improvement of function in adjacent regions of brain in which flow has been restored.
In our patient, baseline evaluation was performed during each clinic visit, and included a complete medical history, physical examination including a full neurologic status, Karnofsky performance status, and hematological and liver function tests. Surveillance MR imaging of the brain and spine was also performed. Marked decreases in vascular permeability and vasogenic edema were inferred by the significant reduction in tumor enhancement following gadolinium administration on T1-weighted imaging and T2-weighted signal changes on fluid attenuated inversion recovery (FLAIR) MR sequences, respectively [20] (Fig. 1) . In our patient, the radiological response to pazopanib therapy correlated directly with improved clinical status.
Pazopanib has demonstrated a favorable tolerance profile in patients with RCC or glioblastoma, with most adverse effects of grade 1 or 2 severity, using the National Cancer Institute Common Toxicity Criteria (version 4.0). The most commonly experienced adverse events of pazopanib include diarrhea, nausea, vomiting, anorexia, hypertension, and hair color changes [12] . With the exception of his development of severe neutropenia, our patient experienced only mild adverse events (grades 1 and 2). Mild hypertension, fatigue, oral mucosal ulcerations, and diarrhea were the main nonhematological toxicities in our patient. Leukopenia, neutropenia, thrombocytopenia, and lymphocytopenia have also been reported in >30% of patients treated with pazopanib, possibly due to the inhibition of c-kit, and to a lesser extent fms-like tyrosine kinase-3 (flt-3), as both are important in the proliferation and differentiation of bone marrow hematopoietic stem cells and progenitor cells [21] . Prior to the initiation of pazopanib, our patient's baseline neutrophil count was 2 K/μl (normal range: 1.7-7.3 K/μl) with 51% of his total cell count (normal range: 42-62%) attributed to neutrophils. While on pazopanib therapy, our patient remains neutropenic at 0.87 K/μl with 30% of his total blood cells attributed to neutrophils. Other cellular components of the bone marrow such as erythrocytes, leucocytes, and platelets have been consistently normal. At present, our patient continues on a stable dose of pazopanib with no evidence of opportunistic infection. Finally, hepatotoxicity is another potential concern with pazopanib administration. In a recent study, close to 50% of patients receiving pazopanib experienced elevated alanine aminotransferase and aspartate aminotransferase levels and approximately 40% had elevated total bilirubin levels when compared to a placebo group [12] . In our patient, however, we did not observe any abnormalities in hepatic function.
In conclusion, we report here the first successful use of pazopanib, a pan-VEGFR, PDGFR, and c-kit tyrosine kinase inhibitor, for the management of treatment-refractory VHL-associated cerebellar hemangioblastoma. With continued therapy, the patient displayed a moderate clinical response with improvements in his speech and swallowing functions. While pazopanib is effective in the management of other tumors such as RCCs, this is the first time that this (or indeed any) agent has demonstrated clinical benefit for CNS hemangioblastomas. The experience gathered from this patient provides new insights into the management of other highly vascularized tumors, especially those who lack other treatment options.
